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machine. In order to function efficiently, therefore, molecular machines likely
must allosterically coordinate numerous, seemingly independent conforma-
tional rearrangements. Due to the significant technical challenges associated
with characterizing their structural dynamics, however, the questions of
whether and how large molecular machines coordinate such dynamics so as
to maximize the efficiency with which they perform their biological functions
remain exceptionally challenging to answer. Using a combination of structural
and phylogenetic analyses, molecular genetics, single-molecule fluorescence
resonance energy transfer, and in vitro biochemical assays, here we demon-
strate that the ribosome uses cooperative conformational changes to maximize
the efficiency with which it translocates and ejects its transfer RNA adaptors
during protein synthesis. Interpretation of our data within the context provided
by atomic-resolution ribosome structures and phylogenetic analyses of ribo-
somal RNA and ribosomal protein sequences leads us to propose a structure-
based model for the observed cooperativity. Our results demonstrate that large,
multi-component, molecular machines such as the ribosome can use networks
of cooperative conformational changes to facilitate mechanical processes that
would otherwise limit their catalytic rates.
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During the elongation cycle of protein synthesis, translocation of tRNAs and
mRNA is catalyzed by the GTPase elongation factor G (EF-G) with high pre-
cision and speed. Conversion of the GTP to the GDP form of EF-G is consid-
ered essential for translocation, but the structural dynamics on the ribosome
have not been reported. We used single molecule polarized total internal reflec-
tion fluorescence (polTIRF) microscopy to characterize tilting and rotational
fluctuations within specific domains of EF-G. When EF-G binds to the ribo-
somal pre-translocation (PRE) complex, domains I and IV of EF-G undergo
small rotations (10-15) in conjunction with translocation, whereas domain
III shows a much greater angular change, averaging 50. Viomycin (Vio),
which prevents translocation, reduces the rotational motions of domain III to
10-15 but has virtually no effect on the other domains. Spectinomycin also re-
duces domain III motions but less strongly than Vio. EF-G binding to ribosomal
initiation complexes lacking A-site tRNA gives a similar pattern of domain ro-
tations, but with shorter dwell times. In this case, the large rotation of domain
III is barely inhibited by Vio. Irrespective of completion of translocation or
presence of A-site tRNA, the initial 10-15 rotations of EF-G domains I, III
and IV in the ribosome/EF-G complex indicate that the EF-G initially shifts
the minimum of the free energy profile in the direction of translocation, sug-
gesting that EF-G generates a force on the ribosome and/or the mRNA and
tRNAs. Near the end of translocation, domain III completes its rotation either
to push the mRNA and tRNAs (a working stroke) or to prevent reversal of
translocation driven by thermal fluctuations (a ratchet). Supported by NIH grant
GM080376 to YEG and BSC and AHA fellowship 12POST8910014 to CC.
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The movement of tRNAs during translocation is accompanied by large confor-
mational changes of the ribosome such as intersubunit rotations. Here, we pre-
sent a method to cover conformational changes of the ribosome that occur on
timescales not accessible to equilibrium Molecular Dynamics (MD) simulations
through the combination of X-ray crystallography, cryo-EM data and MD sim-
ulations. Cryo-electron microscopy (Cryo-EM) provides medium/low-resolution
density maps for many intermediate states of large molecular complexes. In
contrast, X-ray crystallography provides high-resolution structures, usually
limited to few states. To obtain pathways connecting the intermediate states of
tRNA translocation, we start MD simulations from crystal structures with an
additional biasing potential. This biasing potential, which maximizes the corre-
lation between atomic model and cryo-EM map (Tama 2008), allows us to drive
the ribosome from one intermediate state to another, covering the full transloca-
tion pathway. This method of cryo-EM driven MD was implemented in the
high-throughput and highly parallel MD simulation package GROMACS.1216-Plat
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Bacterial cells use the naturally occurring variability in the rate at which
different codons are translated to guide the folding of nascent proteins into or-
dered, biologically-active structures during their synthesis by the ribosome.
Predicting how codon translation rates effect cotranslational protein folding
mechanisms is therefore of fundamental biological interest. Here, we demon-
strate that cotranslational folding mechanisms sampling an arbitrarily large
number of states can be accurately modeled by treating this problem using
the Markov chain formalism. This allows a general equation to be derived
that describes the probability that a nascent protein is in any one of these
conformational or thermodynamic states as a function of translation rates of in-
dividual codons in an mRNAmolecules’ open reading frame, which we show is
accurate in modeling molecular dynamics simulations of cotranslational
folding. Using this framework we demonstrate that there exists scenarios in
which, contrary to conventional wisdom, fast-translating codons can actually
increase the amount of cotranslational folding that occurs. This approach can
be applied to the cotranslational folding of cytosolic and membrane proteins,
and possibly the processing of nascent chains by auxiliary factors such as
chaperones and enzymes.
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All living cells rely on ribosomes, powerful nanomachines that synthesize
proteins by translating the information encoded in mRNA molecules. Over
the past two decades, the various substeps of the translation process have
been studied in much detail using in vitro systems, but it is often questioned
to what extend these results can be applied to real living cells. Although in
vivo translation should proceed via essentially the same steps as in vitro, the
average protein synthesis rate turns out to be much faster. This difference in
synthesis rate has led to a long and controversial debate because - in contrast
to in vitro systems - it has not been possible to study individual conformational
transitions of the translating ribosome in vivo. Here, we address this long-
lasting and unresolved puzzle and introduce a general computational scheme,
which enables us to map in vitro onto in vivo rates. Using new experimental
data on in vitro translation at 20C and 37C, we first derive a complete set
of in vitro rates for the individual substeps of translation. We then use our
scheme, together with available in vivo data, to determine the corresponding
in vivo rates. As a result, we obtain a comprehensive description of in vitro
and in vivo translation for various experimental and growth conditions. This
description allows us to predict codon- and mRNA-specific translation rates,
which can be used, e.g., to investigate translational pauses and ribosome traffic.
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Voltage-gated ion channels (VGIC) form a large superfamily of ion channels
and the activation of these channels underlie electrical and chemical signaling
in a variety of cell types. Structure-function studies are widely used to deduce
the energetic effects of a mutation by measuring macroscopic currents and
fitting their voltage-dependence to a Boltzmann function. However, in absence
of detailed kinetic models, this approach can introduce serious errors in free-
energy estimates because of the inherent assumption that the channel activation
is a two-state process. We recently developed analytical tools that allows us to
calculate the free energies required for activation of voltage-dependent pro-
cesses without any prior knowledge of the underlying gating scheme. Our
method involves measurement of conjugate displacement associated with the
force that drives the activation of these channels. In the case of voltage-gated
ion channels, gating charge movement is the conjugate displacement and the
force is voltage across the membrane. We show that by measuring the median
voltage of charge transfer, VM, and the total gating charge per channel, we can
calculate the chemical free energy difference between the resting and activated
state of the channels. These free-energy measurements can be extended to other
members of the VGIC superfamily to obtain a measure of interaction energies
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defined model-independent metrics of interaction energies will be crucial for
delineating molecular interaction pathways and understand the mechanisms
of voltage-transduction.
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Voltage-gated sodium (Nav) channels are essential for the rapid depolariza-
tion of nerve and muscle, and are important drug targets. Elucidation of the
structures and functional mechanisms of Nav channels will shed light on
fundamental ion channel mechanisms and facilitate potential clinical appli-
cations. A family of bacterial Nav channels, exemplified by NaChBac
(Naþ-selective Channel of Bacteria), provides a good model system for
structure-function analysis. We determined the crystal structure of NavRh,
a NaChBac orthologue from marine bacteria, Rickettsiales sp. HIMB114
(denoted Rh), at 3.05 A˚ resolution. The channel comprises an asymmetric
tetramer. The carbonyl oxygen atoms of Thr178 and Leu179 constitute an
inner site within the selectivity filter (178TLSSWE183) where a hydrated
Ca2þ can bind and resides in the crystal structure. The outer mouth of the
Naþ selectivity filter, defined by Ser181 and Glu183, is closed, as is the acti-
vation gate at the intracellular side of the pore. The voltage sensors adopt a
depolarized conformation with all the gating charges exposing to the extra-
cellular side. We hypothesize that NavRh is captured in an inactivated
conformation. Comparison of NavRh with NavAb reveals that the VSD seg-
ments undergo discordant conformational shifts concurrent with domain
rotation that may underlie the electromechanical coupling mechanism of
voltage-gated channels.
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Voltage-sensor domain (VSD) is the key transmembrane module for sensing
membrane voltage in voltage-gated ion channels and voltage-sensing phos-
phatase. Hv1 (also called VSOP) mainly expressed in phagocytes and human
sperm consists only of VSD and the coiled-coil region, operating as the
voltage-gated proton channel. In Hv1, VSD plays dual roles of pH-
dependent voltage sensing and proton-selective permeation. These properties
are innate to protomer. However, dimerization of Hv1 enables cooperative
voltage-dependent gating. The voltage-sensing phosphatase, VSP, is the
voltage-activated phosphoinositide phosphatase in which single VSD is
tightly coupled with the phosphatase with significant homology to the phos-
phatase and tensin homolog deleted on chromosome 10 (PTEN). Phosphoi-
nositides such as PIP3 and PI(4,5)P2 are dephosphorylated by VSP upon
membrane depolarization. Physiological functions of VSP are largely un-
known but fibroblasts heterologously expressing VSP exhibit neurite-like
fine processes, raising a possibility that VSP may play role in regulating
cell shape by phosphoinositide turnover. VSP itself is a useful tool to rapidly
manipulate phosphoinositide level by simple membrane depolarization to
study roles of phosphoinositides that play roles in diverse biological events.
VSD of voltage sensor domain proteins could also be utilized as a molecular
material to devise voltage probe for visualizing electrical activities in cells
and tissues. I will talk about recent findings of molecular mechanisms of
VSP and Hv1 and examples of molecular tools based on VSP.
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The transduction of electric fields into protein motion plays an essential role in
the generation and propagation of cellular signals. Voltage-sensing domains
(VSD) carry out these functions through reorientations of discrete gating
charges in the S4 helix. The voltage sensitive phosphatase from C. intestinalis
(Ci-VSP) is controlled by a standard VSD with high sequence similarity to the
S1-S4 segments found in Naþ and Kþ channels. To address some of the funda-
mental questions regarding how membrane proteins sense transmembrane volt-
ages, we have pursued structural and biophysical information on Ci-VSP’s
isolated VSD, under conditions that stabilize the Up and the Down conforma-
tions. These will be discussed in the context of explicit mechanisms for voltage
sensing.Platform: Calcium Signaling
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Ca2þ is a ubiquitous intracellular messenger. Extracellular stimuli often evoke se-
quences of Ca2þ spikes, and it is suggested that spike frequency may encode stim-
ulus intensity. However, the timing of spikes is random because each interspike
interval (ISI) has a large stochastic component. We also find that average ISI
vary considerably between cells. Can individual cells reliably encode stimuli
when Ca2þ spikes are so unpredictable? Analysis of Ca2þ spikes evoked by recep-
tors that stimulate formation of inositol 1,4,5-trisphosphate (IP3) reveals that signal-
to-noise ratios are improved by slow recovery from global feedback inhibition and
that they are robust against perturbations of the signalling pathway. Despite vari-
ability in the frequency of Ca2þ spikes between cells, steps in stimulus intensity
cause the stochastic period of the ISI to change by the same factor in all cells. These
fold-changes reliably encode changes in stimulus intensity, and they entail an expo-
nential dependence of average ISI on stimulation strength. We find the latter to
apply to different cells, stimuli and stimulation intensities. We conclude that
Ca2þ spikes allow reliable signalling in many cells despite randomness and cell-
to-cell variability because global feedback robustly reduces noise, and stimulation
steps are encoded by fold-changes in the stochastic period of the ISI.
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Cells constantly sense their local chemical environment andmakedecisionsbased
upon the information received. This chemosensing process, although stochastic
on the individual cell level, exhibits highly regulated responses in multicellular
organisms. Two key features, intercellular communication and first-responder
cells, define this process. To understand the collective behavior induced by these
two factors, we culture fibroblast cells inside a PDMS-on-glass channel, to which
we deliver ATP solution, and study their calcium dynamics in response to the
chemical stimulation. We demonstrate the existence of first-responder cells and
how the presence of gap junctions influences the first step of the collective
response, in that there are correlations in the response of neighboring cells. In
addition, we investigate the effect of mechanical environment on a colony’s
response by studying cell responses when encapsulated in thin hydrogel films.
By comparing the results from when the cells are cultured on glass to hydrogel-
embedded cells, where intercellular communication is only possible via diffusing
molecules, we find that (i) persistent calciumoscillations of individual cells occur
only for cells embedded in hydrogel, and (ii) a colony of hydrogel-embedded cells
show no synchronization. The fraction of a colony that responds toATP increases
with hydrogel elasticity and ATP concentration. For those cells that oscillate, we
find that at high ATP concentration (>40 mM) cells inside a stiffer gel have fewer
oscillations than those inside a softer gel. The distributions of oscillation periods
havemodes that are decreasing with increasing ATP concentration. Our observa-
tions and measurements highlight the role of mechanical environment for influ-
encing spatial and temporal dynamics in cell colonies and tissues.
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Naþ channels in b cells are abundantly expressed and prone to prolong activation,
yet their role in regulating cellular Naþ fluxes or mitochondrial Ca2þ transient,
thereby metabolism is poorly understood Here, we combined fluorescent ion and
electrophysiological analysis with molecular control of transporter expression
and mitochondrial metabolism in MIN6 and primary beta cells. Glucose induced
a TTX sensitive cytosolic Naþ and Ca2þ response that were propagating into the
mitochondria. Mitochondrial Ca2þ influx was largely blocked in cell transfected
with siRNA of the mitochondrial Ca2þ uniporter MCU. Knockdown of the mito-
chondrial Naþ/ Ca2þ exchanger (NCLX) and Naþ dose response analysis show
that NCLX is major mitochondrial Naþ influx pathway, tuned to sense cytosolic
Naþ changes mediated by high glucose. TTX sensitive mitochondrial Ca2þ
